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S p e c i a l  i S S u e  o N  t h e 
o c e a N o g r a p h y  o f  ta i wa N
typhoon-ocean interaction
in the western North pacific
an oceanographic float is air-deployed out the 
back of a c130 aircraft by the 53rd air force 
reserve squadron, “hurricane hunters,” during 
the 2010 impact of typhoons on the ocean in 
the pacific (itop) program in the western pacific. 
Deployments of such instruments in front of 
typhoons provide a detailed view of the inter-
actions between these storms and the ocean.
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iNtroDuc tioN
The western North Pacific Ocean has 
the highest concentration of tropical 
cyclones in the world. These strong and 
dangerous storms—called hurricanes in 
the Atlantic Ocean and eastern Pacific 
Ocean, cyclones in the Indian Ocean, 
and typhoons in the western North 
Pacific Ocean—draw their energy from 
the warm, humid air found over warm 
ocean waters. A 150-year compilation 
of tropical cyclone tracks (Figure 1) 
shows hurricanes concentrated over the 
warm waters of the subtropical western 
Atlantic and Caribbean, and typhoons 
concentrated over the warm waters of 
the western Pacific.
On average, there are 16 typhoons 
per year, about twice the number of 
Atlantic hurricanes (Webster et al., 
2005). Typhoons can occur in any 
season, unlike hurricanes, which occur 
almost entirely from June to November. 
However, both typhoons and hurri-
canes occur most commonly in the late 
summer and fall. The region of glob-
ally highest concentration of storms is 
the Philippine Sea, east of Luzon and 
Taiwan. Destructive landfalling storms 
are common in the Philippines, Taiwan, 
Japan, Korea, and mainland China, as 
well as other nearby countries.
The typhoons’ strong winds can have 
a large effect on the underlying ocean 
under certain conditions. The warm 
ocean water that energizes typhoons 
occupies only a relatively thin layer on 
top of a colder deep ocean. The strong 
winds and large waves generated by a 
typhoon mix these two layers, often 
creating a trail of colder water—a 
typhoon “cold wake”—behind the storm. 
More importantly, this wake forms 
underneath the typhoon, decreasing 
the sea surface temperature, thereby 
reducing the energy supply to the storm 
and limiting its intensity (Emanuel, 1999; 
Lin et al., 2008, 2009).
Here, we present a brief description 
of these typhoon-ocean interactions and 
the methods used to study them, using 
examples and data from recent scientific 
programs sponsored by the US Office of 
Naval Research, the US National Science 
Foundation, and the Taiwan National 
Science Council. This article is intended 
to be an introduction to this subject, not 
a comprehensive review. Pun et al. (2011, 
in this issue) follow with a more detailed 
presentation of data from the Impact of 
Typhoons on the Ocean in the Pacific 
(ITOP) program.
the t yphooN wake 
Satellite infrared images of the sea 
surface often identify typhoon cold 
wakes. An image of Typhoon Fanapi 
in 2010 (Figure 2) shows a narrow 
trail of cold water, 2–3°C colder than 
the surrounding ocean, that is located 
slightly to the north of the storm track. 
By the time of this image, the storm had 
moved west and was impacting Taiwan. 
The typhoon is the large masked region 
on the west side of the image; the storm 
clouds prevent this type of satellite 
(infrared radiometer) from sensing the 
ocean surface. Satellite microwave radi-
ometers can see though many clouds, 
at reduced spatial resolution, but not 
through the heavy precipitation within 
aBStr ac t. The application of new technologies has allowed oceanographers 
and meteorologists to study the ocean beneath typhoons in detail. Recent studies 
in the western Pacific Ocean reveal new insights into the influence of the ocean 
on typhoon intensity.
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figure 1. worldwide tropical cyclone tracks through 2006 from the National hurricane center and 
the Joint typhoon warning center, spanning nearly 150 years. each track is colored by storm intensity 
using the Saffir-Simpson storm categories (tropical Depression, tropical Storm, and tropical cyclone 
categories 1 [wind 33–42 m s–1] to 5 [wind > 70 m s–1]). The tracks show that the regions of most 
frequent and intense storms are in the western North pacific. Image courtesy of NASA Earth Observatory 
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the central core of a typhoon. Thus, 
satellite instruments cannot observe the 
actual formation of the cold wake nor 
detect the ocean temperature beneath 
the core of the storm. These measure-
ments require aircraft instruments or 
instruments at the sea surface.
Oceanographic ships cannot make 
measurements safely within typhoons. 
Even if a ship were to unfortunately 
find itself within a typhoon, the severe 
conditions would prevent measurements 
by most of the usual methods. One 
approach in tropical cyclone oceanog-
raphy is to deploy instrumented moor-
ings in the regions of most frequent 
typhoon activity for several years and 
wait for a storm to pass over (Pun et al., 
2011, in this issue). Another approach 
uses aircraft to both deploy oceano-
graphic instrumentation and measure 
the properties of the storm itself. Aircraft 
are the mainstay of meteorological 
measurements of tropical cyclones. 
In the Atlantic, “Hurricane Hunter” 
aircraft from the US Air Force Reserve 
Command 53rd Weather Reconnaissance 
Squadron and the National Oceanic and 
Atmospheric Administration Aircraft 
Operations Center routinely penetrate 
hurricanes, providing nearly continuous 
measurements of the strengths and posi-
tions of storms that threaten land as well 
as supporting research to improve hurri-
cane forecasting. Adding aircraft-based 
oceanographic instrumentation to these 
operations capitalizes on decades of 
experience in tropical cyclone operations 
acquired by the “Hurricane Hunters.”
Oceanographic profilers deployed 
from aircraft and telemetering data back 
to the aircraft have been used for several 
decades in tropical cyclone research 
(Black, 1983; Shay and Elsbery, 1987; 
Sanford et al., 1987). More recently, 
autonomous floats and drifters, capable 
of measuring the ocean throughout the 
entire passage of a tropical cyclone, have 
been developed. Typically, drifters and 
floats are deployed about one day in 
front of the storm. Each instrument is 
packed within a wood and/or cardboard 
box that is deployed off the back ramp 
of a WC-130J aircraft (see opening-
spread photo). A parachute is used to 
deliver the box to the ocean surface. 
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figure 2. The track (black line) and cold wake (blue stripe) of typhoon fanapi on 
September 20, 2010. The diameters of the circles along the track are proportional 
to peak storm winds. The storm traveled along a complex S-shaped path as it 
strengthened, before heading westward and striking taiwan. here, the storm is 
centered off the western edge of the image; its cloud mass hides the sea surface 
from the satellite.
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Once in the water, the box comes apart, 
usually through the use of dissolving salt 
blocks, and the instrument is released. 
Instruments are typically deployed along 
a line several hundred kilometers long, 
both to span the width of the storm and 
to allow for uncertainty in its forecast 
track. As the storm passes over the line, 
the instruments measure the proper-
ties of the atmosphere and ocean and 
relay them, in nearly real time, using a 
satellite data link.
In September 2008, 12 drifters were 
deployed ahead of Super Typhoon 
Jangmi (Figure 3). The drifters measured 
surface wind and atmospheric pres-
sure from a small buoy floating on the 
surface and ocean temperature along a 
line extending 150 m beneath the buoy 
(Black et al., 2007; Centurioni, 2010). 
The sea surface temperature (Figure 3b) 
decreased by about 1.5°C as Jangmi 
passed. The deeper temperature sensors 
(Figure 3c) showed that this cooling 
extended across the entire surface 
mixed layer, to about 90 m depth. After 
the storm had passed, the layer slowly 
warmed, particularly near the surface. 
In 2004, a profiling EM-APEX float 
(D’Asaro et al., 2007; Sanford et al., 2011) 
was air-deployed ahead of Hurricane 
Frances (Figure 4). The EM-APEX 
repeatedly profiled vertically from the 
surface to about 200 m depth making a 
full round trip about once an hour and 
measuring temperature, salinity, and 
horizontal velocity. As the storm center 
passed just equatorward of this float, 
the upper 60 m of the ocean cooled by 
up to 2.2°C, while water from about 
60–140 m warmed. 
EM-APEX observations in Hurricane 
Frances revealed a phenomenon called 
figure 3. upper-ocean response to the passage of Super typhoon Jangmi as measured by a surface drifter. (a) track of Jangmi (red) and drifter 
(blue). labels are yeardays of 2008. (b) Sea surface temperature (SSt). The heavy magenta line marks the time of Jangmi’s closest approach to the 
drifter; thin lines mark the approximate duration of gale force winds. SSt decreases in response to the storm. (c) temperature of the upper 120 m 
of the ocean as measured by the drifter’s temperature chain. The upper 90 m of the ocean cool as the storm passes and then slowly warms over 
the next week. 
 “aS the StorM paSSeS oVer the liNe, the iNStruMeNtS MeaSure the propertieS of the atMoSphere aND oceaN aND 
relay theM, iN Nearly real tiMe, uSiNg a 
Satellite Data liNk.” 
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“inertial resonance” (Price, 1981), 
responsible for much of the structure of 
typhoon wakes. As the nearly circular 
storm travels westward just south of 
the float, the winds swing in a clock-
wise direction, from southwestward 
as the storm approaches, to westward 
at maximum intensity at the closest 
approach of the storm, to northwestward 
as the storm recedes to the west. The 
wind initially accelerates southwestward 
currents. Earth’s rotation causes these 
currents to also swing in a clockwise 
direction and be continuously acceler-
ated by the rotating wind. Such “inertial 
currents” can rapidly reach large ampli-
tudes, nearly 1.5 m s–1 in Hurricane 
Frances (Figure 4). This “inertial reso-
nance” causes a particularly strong ocean 
response on the right-hand side of the 
storm track (i.e., the poleward semi-
circle for a westward-going storm) and 
explains the poleward offset of the cold 
wake from the storm track (Figure 2). 
EM-APEX data from the Hurricane 
Frances observations also show that 
the strong, storm-forced currents were 
confined to the warm upper-ocean layer, 
with the deeper, colder underlying layer 
nearly unaffected (Figure 4). The shear 
between these layers caused intense 
mixing, which was evident as the rapid 
thickening and cooling of the upper 
layer between yeardays 245.5 and 245.8, 
(i.e., September 1, 2004; Figure 4). This 
event, occurring during the passage 
of the storm center, showed the initial 
formation of the cold wake by vertical 
mixing. During the next two days (year-
days 246 and 247, i.e., September 2–3), 
upwelling of cooler, deeper water could 
be observed, as well as further deepening 
and warming of the thermocline.
Although ships are not suited for 
oceanographic measurements inside 
a typhoon, they can be used to study 
the evolution of the ocean after the 
typhoon has passed, if the ship schedule 
can be flexible enough to adapt to the 
unpredictable occurrence of a storm. An 
R/V Revelle cross section of the wake 
of Typhoon Fanapi four days after the 
storm’s passage (Figure 5a) shows that 
the cold wake was immediately subject 
to warm and generally sunny subtropical 
conditions that caused the well-mixed 
surface layer to become capped by warm 
water in the days following the storm. 
The subsurface measurements also reveal 
that this warming was confined to a thin 
surface layer and that the deeper part of 
the cold wake had a significantly longer 
lifetime. A section 21 days after the 
storm (Figure 5b) shows there was still a 
thickened layer of 25–26°C water, which 
was a remnant of the typhoon wake. 
Although the surface manifestation of 
the cold wake had nearly disappeared 
and the wake was nearly invisible to 
satellite sensors, the observations from 
the ship and other platforms identified 
a much longer-lived subsurface thermal 
legacy of the typhoon. 
figure 4. ocean response to hurricane frances measured by a profiling eM-apeX float described 
by Sanford et al. (2011). contours and colors show the temperature; gray bars show the velocity. 
Northward currents point up; eastward currents point right. The vertical white bar shows the 
time of maximum winds at the float. as in figure 3, the surface layer cools during storm passage, 
but the layer from 60 m to 120 m warms.
 “the reSpoNSe of the oceaN to typhooNS DepeNDS Not oNly oN the SpeeD aND Size of the StorM, But alSo oN the propertieS 
of the uNDerlyiNg oceaN.” 
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t yphooN-oceaN 
iNter ac tioNS
The response of the ocean to typhoons 
depends not only on the speed and size 
of the storm, but also on the proper-
ties of the underlying ocean. The warm 
ocean surface layer varies in thick-
ness. Because the cold wake is caused 
primarily by mixing of this warm layer 
with the colder, underlying layer, the 
degree of cooling depends on the thick-
ness of the warm layer and thus on the 
depth of the thermocline, the transition 
layer between the warm and cold layers. 
Deep thermoclines have a thick layer of 
warm water above them, while shallow 
thermoclines have a thin layer. Because 
warm water expands, the sea surface is 
slightly higher over deep thermoclines 
than over shallow ones. Thus, measure-
ments of sea surface height from satellite 
altimeters, combined with sea surface 
temperatures measured from satellite 
infrared and microwave observations, 
and the large historical database of 
ocean temperature profiles, can be used 
to estimate the temperature profile 
(Shay et al., 2000) and thus predict the 
degree of ocean cooling from a typhoon 
(Pun et al., 2007). 
The simplest such estimate, ΔT—100, is 
made by assuming that a typhoon will 
mix the top 100 m of the ocean (Price, 
2009). The degree of cooling ΔT—100 is 
then the difference between the pre-
storm sea surface temperature and T—100, 
the average temperature of the upper 
100 m of the ocean. Figure 6 shows 
such an estimate (Pun et al., 2011, in 
this issue) made just ahead of Typhoon 
Fanapi, overlaid with the storm track. 
At the location of the float and drifter 
deployments, it predicts a cooling of 
about 1.5°C, which is comparable to, 
but less than, the observed maximum 
cooling of 2.6°C. Satellite estimates are 
thus useful, particularly in determining 
regional patterns, but are not a replace-
ment for in situ measurements. 
There are large variations in ΔT—100 
across the western Pacific. For example, 
south of about 15°N, the warm surface 
layer is very deep and the predicted 
cooling is less than 1°C. A temperature 
profile taken in this region (Figure 6b) 
shows a surface warm layer, defined 
by the 26°C isotherm, extending to 
well below 100 m. To the north, near 
25°N, 140°E, the warm layer is much 
thinner (Figure 6c) and the predicted 
cooling much higher, up to 5°C. These 
differences primarily reflect the large-
scale shallowing of the western Pacific 
thermocline toward the north. However, 
as can be clearly seen in Figure 6a, 
numerous ocean eddies modulate the 
depth of the thermocline, particularly 
within the eddy-rich “Southern Eddy 
Zone” (SEZ) between approximately 
20°N and 26°N (Lin et al., 2008). Due 
to these oceanic variations, the same 
storm traversing different regions, or 
traversing the same region at a different 
time and thus with a different eddy, 
would be expected to produce a different 
wake. Thus, the response of the ocean to 
typhoons tends to be spotty as it is sensi-
tive not only to sea surface temperature, 
which is nearly the same in Figure 6b 
and 6c, but also to variable ocean struc-
ture associated with eddies. 
Because typhoons draw their energy 
from the warm water, the cold wakes 
that they produce have the potential to 
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figure 5. (a) Section across the wake of typhoon fanapi four days after the storm’s passage. 
The cold wake at about 23.8°N is capped with warmer water but is still evident as a thick 
layer of water between 25°c and 27°c. (b) Same section 21 days after storm passage. a 
slightly thicker layer within the wake temperature range is still evident across the entire 
section, but particularly near 23.9°N. The persistence of this subsurface wake is typical of a 
large number of ocean measurements made in this region after typhoon fanapi’s passage.
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limit their intensity and reduce their 
rate of intensification. Storm intensity is 
most sensitive to the ocean temperature 
beneath the inner core of the storm 
(Emanuel, 2003), that is, within about 
twice the radius of maximum storm 
winds. Observations (Figures 3 and 4) 
show that the cold wake forms under the 
storm core, and can thus affect storm 
intensity. An analysis of the strongest 
typhoons (Lin et al., 2008) finds that 
these storms only develop if the warm 
surface layer is sufficiently deep. This 
is particularly true for slow-moving 
storms, which produce the coldest 
wakes nearest to the storm center (Lin 
et al., 2009). Equatorward of the SEZ, 
the warm layer is usually sufficiently 
deep to allow these storms to develop 
rapidly. However, within and poleward 
of the SEZ, they can develop only when 
a strong anticyclonic eddy depresses the 
thermocline beneath the typhoon track. 
Thus, the intensity of tropical cyclones 
can depend on the presence, or absence, 
of relatively small oceanic features.
future progreSS
The factors controlling the intensity of 
tropical cyclones are not entirely under-
stood; certainly, most are atmospheric, 
but the ocean also exerts influence. 
However, over the last decade, ocean-
ographers and atmospheric scientists 
have been learning how the interac-
tions between tropical cyclones and 
the ocean can affect both components 
of this system: the formation of cold 
wakes in the ocean and the enhance-
ment (or inhibition) of rapid storm 
development in the atmosphere, as well 
as the modulation of both these effects 
by pre-existing ocean stratification and 
eddies. Measurement systems—moored, 
air-deployed, and satellite-based—have 
allowed us to measure these effects in 
some detail during limited research 
programs. Operational and research 
models of tropical cyclones (Bender 
et al., 2007) now routinely include both 
the atmosphere and the ocean and their 
coupling. Though measurements of the 
atmosphere are made routinely as part 
of operational tropical cyclone forecast 
figure 6. (a) estimated cooling t—100 sea surface temperature (SSt) just before the 
passage of typhoon fanapi, based on satellite estimates. The storm track is also 
shown. Stars show locations of two argo float profiles. (b) temperature profiles 
in the southern region show a thick surface warm layer. (c) temperature profiles 
in the northern region show a much thinner surface warm layer. Black profiles 
in (b) and (c) are from argo floats; red profiles are from satellite estimates. The 
dashed vertical line at 26°c provides an approximate boundary between warm 
and cold water. The satellite estimates are imperfect compared to the observa-
tions, but still capture the overall change in stratification across this region. The 
argo float data were collected and made freely available by the international 
argo program and the national programs that contribute to it. The argo 
program is part of the global ocean observing System.
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systems and the influence of these 
measurements are analyzed continually 
to assess the accuracy of the forecast 
system, no similar program for in situ 
measurement of the ocean exists. If, 
as we now believe, the ocean has an 
important influence on tropical cyclone 
intensity, especially rapid intensifica-
tion, oceanic measurements should 
be part of the operational observing 
system used for tropical cyclone 
forecasts and warnings.
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